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          As Denmark spearheads the global effort in developing wind 
energy as a veritable option to fossil fuels, it also finds itself at the 
forefront of confronting the accompanying challenges of integrating wind 
power into the grid. The Danish power system is characterized by a high 
wind contribution that is estimated at 22% in 2010 and is targeted to hit 
50% in the year 2020.  
          To address this high wind penetration challenge in part, the Danish 
transmission system operator (TSO) Energinet, is developing SimBa to 
aid in quantifying the imbalance that wind production can introduce into 
the Danish power system. There are already available a number of 
approaches and methods that suggest how to incorporate wind 
production forecasts at the system level. Among these approaches, 
SimBa is unique in the sense that it is geared towards real time 
balancing. SimBa is pioneering the effort to simulate the balancing of the 
production and consumption at the intra-hour scale, and it does this for a 
system with a characteristically significant wind portion. 
 
 We describe the wind forecast module that is a component of the Simulation of Balance (SimBa)1 software 
being developed by the Danish transmission system operator (TSO), Energinet.dk.  SimBa is simulation software that 
Energinet is developing to assist in the day-ahead and hour-ahead balancing and scheduling of the entire power market 
system in Denmark. 
 
 As part of the SimBa effort, we present results here to simulate the imbalances that wind resources bring into the 
Danish power system. The core of the wind forecast module is the characterization of the imbalances as an ARMA(1,1) 2 
process.  Once the imbalances are characterized, it provides a way to estimate the objective series related to wind 
power production, namely: 
 
•  OUTPUT 1: The day-ahead available power measurements PDA and; 
•  OUTPUT 2: The hour-ahead power forecasts FHA.  
 
 We interpret the wind-induced imbalances as the error E or simply the difference between the forecasts F and 
the measured available power P. The forecasts are from Energinet’s in-house forecasting system while the power 
measurements are based on Energinet’s actual accounting records of power that were produced, delivered and paid. 
The data covers the winter times from the late 2009 until 2011 for the entire Danish system. We then fit an ARMA(1,1) to 
each daily error series and determine the set of parameters that give the lowest mean absolute error (MAE) for the 
entire data set. Using the least-MAE parameter set, we simulate an error series with the horizon tuned to the day-ahead 
and use this to adjust the day-ahead forecasts, FDA, which is the input to the forecast module. This gives the first series 
output of SimBa.  Using another ARMA(1,1) error series, with the horizon tuned to the hour-ahead, we adjust the 
previously calculated available power series PDA and obtain the hour-ahead forecasts FHA for each hour of  the day of 
operation. We show the results here for the aggregated onshore wind farms. 
 
To implement the forecast module of SimBa, we propose a procedure that is based mainly on  a single ARMA model of the error 
between the forecasts and the measurements of the wind power production in Denmark (late 2009-2011, winter times). 
 
Using a single error model tuned to the relevant horizon, we calculate the two output series of the module in sequence.  In 
particular, we use the day-ahead version EDA of the error model to estimate the available wind power PDA from the given day-ahead 
power forecasts FDA.  Next, we use the hour-ahead version EHA of the same error model to estimate the hour-ahead forecast series 
FHA from the previously estimated available wind power PDA.   
  
We justify the use of the ARMA(1,1) process to model the error series by showing that its probability distribution is fitted well by a 
Gaussian function and that its autocorrelation function has a slow logarithmic decay to zero.  We assume that the same process is 
relevant to both the day-ahead and hour-ahead calculations via a suitable tuning of the error horizon. 
 
Based on the MAE performance for the day-ahead adjustments, the day-ahead ARMA error simulations mirror the measured errors 
well, albeit at a slightly higher MAE level (< 0.5% ).  The hour-ahead performance shows an improvement over the day-ahead 
results. 
  
What is ARMA(1,1) ? 
ARMA stands for the autoregressive  (AR) and 
moving-average (MA), with each component 
defined with one parameter. It is a standard 
technique in forecasting in general, and  quite 
recently in the forecasting of wind speed and 
power. 6 
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MAE Performance of the Forecast Module 
. Using the ARMA parameter set that gives 
the least MAE for the given historical data, we 
simulate the performance of the forecast 
module for the PDA and FHA output series. 
•Based on the MAE, the simulated errors 
mirror the trend in the actual, measured 
errors, at a slightly higher MAE level ( 
increase of < 0.5%). 
•As expected, the hour-ahead forecasts 
allows for a better performance than the day-
ahead results. 
Error  as an ARMA(1,1) Process 
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Tuning of the ARMA process to the  
Day-Ahead horizon 
• Power forecasts are based on the meteorological 
(MET) speed forecasts  released on  the hours UTC 
{0,6,12,18}. 
•In Denmark (UTC+1), the corresponding hours are CET 
{1,7,13,19} . 
•Cutoff time for the release of the day-ahead forecasts 
is at 11:30 AM (market schedule). 
•Calculation time introduces a delay  of about 4 hours in 
the update of power forecasts . Hence, the calculation 
of the day-ahead forecasts  at cutoff time 11:30AM are 
initiated as early as, for example 7:30 AM. 
•At 7:30AM during winter times, the most recently 
available MET forecast is released at 7AM.  From 7AM 
until the day of operation, the horizon is effectively in 
the range of 17-41 hours. 
•The day-ahead horizon can vary for the summer time, 
because themarket schedule follows the summer time.  
Hence, the MET forecasts are releases at hours 
CEST{2,8,14,20} 
•A similar horizon tuning step is done for the hour-
ahead calculations. 
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The input to the forecast module is the hourly day-ahead wind power forecasts, FDA , from the unit commitment (UC) 
model. The forecast module of SimBa is configured to calculate the day-ahead (DA) available power, PDA, and the hour-
ahead (HA) forecasted power, FHA , for the power output from wind farms in the Denmark, aggregated into two main 
areas: the DK1 (western) and DK2 (eastern). 
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Error as an ARMA(1,1) Process 
In this work, we focus not on the 
power forecast itself, but on its 
“error” and identify it as an 
independent ARMA process.7 This 
is at the core of the SimBa wind 
forecast module. 
% Wind Portion  
in Total Production (DK) 
2010 223 
2020 504 
In 2011, the Danish 
government has committed 
to a fossil-fuel-free Denmark 
by the year 2050.5 
The defining Equations of ARMA(1,1) 
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Where ; 
ε(k)=  error value at the k-th time index, 
Ζ(k)= random Gaussian variable with std σz, 
α,β=  the AR and MA parameters. 
Characteristics of the Error 
Process 
As a random process, the error process 
satisfies the ARMA conditions as; 
• The probability distribution is well-fitted 
by a Gaussian pdf. 
•The auto-correlation function has a 
logarithmic decay, which is slower than an 
exponential decay. 
Hour-Ahead Online Adjustment 
The  sawtooth-like feature of the FHA output series 
is due to the online adjustment that Energinet 
implements on its online forecasts.  Every hour, a 
given forecast is adjusted to begin at the most 
recently obtained power measurement  and to 
slowly merge with the rest of the forecast. 
